Introduction
Photonic crystals (PCs) devices have recently received much interest as a possible technology for the next generation opto-electronics. AlGaAs/GaAs system have been studied for the fabrication of the photonic crystal structures, since Al-rich AlGaAs, typically having its Al concentration over 80%, offers extensive choice of device fabrication. [1] [2] [3] [4] That itself have a certain refractive-index contrast between GaAs. Moreover, selective etching or oxidation enables the much greater contrast, realizing state-of-the-art photonic crystal devices. For the fabrication of those, the quality of air-hole arrays is essential. The air holes typically have its diameters as small as several hundred nanometers, simultaneously requiring deep depth corresponding to the high aspect ratio as shown in Fig. 1 . In this report, we investigate the reactive ion etching of Al-rich Al x Ga 1-x As for the fabrication of PC structure. We pursuit the realization of highly-regular PCs consisting of high aspect ratio air holes: typically with its lattice constant of 300 nm, air-hole diameter of 200 nm with its aspect ratio over 10. The study is especially focused on the impact of Al concentration. 
Experimental
We investigate three 3 µm thick Al x Ga 1-x As samples having different Al composition x of 0 (:GaAs sub.), 0.5, and 0.8. The Al containing samples were grown on GaAs substrate by molecular beam epitaxy. On the samples, 200 nm thick SiO 2 was deposited by sputtering technique. Then, 280 nm thick resist was spin-coated. SiO 2 was etched using reactive ion etching with C 3 F 8 gas, which was used as the rigid mask for the subsequent inductively coupled plasma (ICP) etching of Al x Ga 1-x As. The ICP etching was carried out with ULVAC CE-300I system. We employed Cl 2 /BCl 3 /CH 4 gas mixture with their flow rate typically fixed at 8/12/2, respectively. The source power was fixed at 300 W, and RF power at 20 W. The fabricated etched structure was investigated with scanning electron microscopy (SEM) and X-ray photoelectron spectroscope (XPS).
Result and Discussion
To investigate the effect of Al concentration, we study the chemical condition of the samples after the irradiation of etching plasma on a plane surface. Figure 2 shows the content of oxygen within the constituents. That is plotted as a function of sputtering time, corresponding to the depth from the surface. As clearly seen in the figure, the content of oxygen increases with increasing Al concentration. The concentration is also larger close to the surface, indicating the existence of aluminum oxides deposited on the surface. Fig. 3 shows the schematic illustration of possible etching mechanism for Al 0.8 Ga 0.2 As from our findings, as will be also discussed hereafter. The etching is suppressed for the widely opened patterns due to the large amount of oxide depositions at the bottom. In contrast, the effect is smaller for the small patterned size, where the etching will rather preferably progress. In addition, the amount of the species contributing to the etching, we assume it as ions, will be enhanced close to the passivated sidewall as illustrated. Then the large pattern will form sub-trench, however, small pattern will not due to their coalescence. We experimentally examine the above described effect of the pattern size. Line patterns and PCs structure, varying its widths or PCs lattice constant between 200 nm and 5000 nm was fabricated by electron beam lithography. Figure 4 shows the dependence of the etching depth on the air-hole diameter. The samples x = 0, and 0.5 show slower etching rate at the smaller the hole diameter. This is well-known phenomena so-called micro loading effect, which is caused by the depletion of etching species during their narrow air-hole passage.
In contrast, the sample x=0.8 shows further reduction of the etching rate at the diameter over 1000 nm. These results can be understood as described in the previous paragraph, shown in Fig. 3 . It is noteworthy that at the diameter smaller than 1000 nm, the etching rate of Al rich AlGaAs linearly increases as well as those of less Al content. In fact, for the structure within the diameters of PCs structure, we found that the etching structure was not suffered from the oxide deposition which strongly hampers on the larger structures.
Based on the above findings, we fabricate high-aspect ratio deeply etched PCs structure for a small patterned PCs structure. Figs. 5 (a) and (b) shows the result for Al 0.8 Ga 0.2 As. We have successfully obtained good aspect ratio 8 for the holes of its diameter 110 nm. To obtain the desired deeper etching depth realizing the aspect ratio over 10, we study the impact of reductive etching gas BCl 3 on the etching characteristics. From the result of etching varying the content of BCl 3 gas mixture, we found the larger etching rate was obtained for the gas mixture having the larger BCl 3 contents. That is probably related to the suppression of oxide formation. During the etching, BCl 3 gas would induce the scavenging effect of the oxides.
Summary
We have investigated the ICP deep dry etching of Al xGa 1-x As. Standard micro-loading effect was observed for the sample having x smaller than 0.5. Further undesirable etching rate reduction was observed for the sample with its x of 0.8. That was observed especially for the larger pattern size, related to the formation of oxide deposition. From the findings, we successfully fabricate PCs structure with the air holes having its aspect ratio of 8 for the diameter 110 nm. The further deeper etching will be possible by the introduction of reductive gas mixture.
